Free vascularised fibular grafting has been reported to be successful for adult patients with osteonecrosis of the femoral head (ONFH). However, its benefit in teenage patients with post-traumatic ONFH has not been determined. We evaluated the effectiveness of free vascularised fibular grafting in the treatment of this condition in children and adolescents. We retrospectively analysed 28 hips in 28 patients in whom an osteonecrotic femoral head Free vascularised fibular grafting is indicated for the treatment of post-traumatic ONFH in teenage patients.
Free vascularised fibular grafting has been reported to be successful for adult patients with osteonecrosis of the femoral head (ONFH). However, its benefit in teenage patients with post-traumatic ONFH has not been determined. We evaluated the effectiveness of free vascularised fibular grafting in the treatment of this condition in children and adolescents. We retrospectively analysed 28 Fractures of the femoral neck in teenage patients, although uncommon, are associated with a high incidence of complications, [1] [2] [3] of which osteonecrosis of the femoral head (ONFH) is the most serious. The incidence of ONFH in these patients ranges from 10% to 86%. [4] [5] [6] Attempts to restore the hip joint under these circumstances are sometimes further complicated by concomitant nonunion of the femoral neck. There is no guidance in the literature on the treatment of post-traumatic ONFH in these patients.
In adult patients options for managing ONFH include observation, containment with a brace, varus proximal femoral osteotomy, core decompression, hip arthroplasty and/or bone grafting. 7, 8 Early results following the use of bone marrow-derived cells with a hydroxyapatite scaffold have recently been reported. The role of core decompression has been questioned, especially in patients with subchondral collapse. 9, 10 Joint replacement is an option for adults, but in young patients the complication rate and necessity for multiple revisions must be considered. [11] [12] [13] Free vascularised fibular grafting is an appealing treatment option with successful mid-and long-term outcomes in patients with varying aetiologies. 14, 15 However, reports of the effectiveness of free vascularised fibular grafting used to treat ONFH associated with trauma in teenage patients are scarce. 16 Extrapolating outcome data from adults to teenage trauma patients may not be valid because of the increased healing response in teenagers, the potential for remodelling and the possibility of a concomitant nonunion of the femoral neck.
The purpose of this study was to evaluate the effectiveness of free vascularised fibular grafting in the treatment of ONFH secondary to fracture of the femoral neck in the paediatric and adolescent population.
Patients and Methods
We performed a retrospective review of the medical records of teenage patients who had undergone free vascularised fibular grafting for ONFH secondary to femoral neck fracture in our institution from 2002 to 2008. Approval was obtained from the institutional review board. Osteonecrosis of the femoral head was identified by one or more of the following imaging techniques: plain radiographs, CT and MRI. The demographic characteristics, clinical features, causation and femoral neck fracture pattern were recorded.
Pre-operatively we recorded the presence of comorbidities, full blood count, ESR, CRP, urea monitoring and electrocardiography.
Attempts were made to stabilise pre-existing conditions before surgery. Other collected data included patient age, the Harris hip score (HHS) 17 and various radiological parameters, including the stage of collapse, the extent of involvement and location of the necrotic lesion. The outcome and survival of vascularised fibular grafting was evaluated using conversion to total hip replacement (THR) as the endpoint.
There were eight girls and 20 boys, with a mean age of 16.3 years (13 to 19) at surgery. In all patients the original femoral neck fracture was the result of high-energy trauma resulting in displacement, either Garden III or Garden IV. 18 There were three subcapital and 25 basicervical fractures of the femoral neck (Table I ). All the patients had been treated initially with reduction and internal fixation, using a variety of implants for stabilisation (including cannulated screws, plates and proximal femoral nailing). The mean interval between initial fixation and free vascularised fibular grafting was 17.3 months (8 to 40). Two patients had both osteonecrosis of the femoral head and nonunion of the femoral neck.
The pre-operative radiographs were examined to determine the location and size of the necrosis, as well as the presence or absence of collapse. For the evaluation of radiological changes we used the Steinberg classification, 19 with four hips being stage II (14%), ten stage III (36%), 13 stage IV (47%) and one stage V (3%). The indication for surgery was pain. All procedures were performed by the senior author (CQZ) using his previously reported technique. 20, 21 Follow-up clinical and radiological examinations were performed every three months for the first year, then every six months for three years, and annually thereafter. The clinical result was graded as excellent when the HHS was ≥ 90 points, good when it was between 80 and 89 points, fair when it was between 70 and 79 points and poor when it was < 70 points. Radiological evaluation was performed by two independent radiologists who were blinded to the functional results. We categorised the final radiographs (anteroposterior (AP), lateral and frog-leg view) into one of three classes: 1) improved: those cases in which the osteonecrosis had healed or was being replaced by new bone formation. For a stage II lesion this entailed disappearance of the crescent or increased density of the cystic lesion, with trabecular bone formation at the tip of the fibular graft. For a stage III lesion the collapsed lesion had healed or become more rounded, with trabecular bone formation at the tip of the fibular graft; 2) no change compared with the preoperative status; and 3) progressed, i.e. those cases with progression of the osteonecrosis, based on stage, or those with > 3 mm of collapse. We confirmed any definite change on any of three radiographs. Surgical technique. The technique 20, 21 was modified for patients with associated nonunion of the femoral neck. The modification involved a two-stage preparation of the hip and harvesting of the ipsilateral fibula on its peroneal vascular pedicle. Under anaesthesia, the patient was placed in the supine position. An ipsilateral fibular segment 6 cm to 8 cm long with a vascular pedicle identical in length was harvested. 22 At the hip, a standard anterior incision was made, 10 cm long and starting 1.5 cm medial to the anterior superior iliac spine to avoid injury to the lateral femoral cutaneous nerve. The fascia lata was opened in line with the incision. The anterior margin of the tensor fascia lata was separated from the sartorius muscle and retracted laterally. The rectus femoris muscle was identified. The reflected head was divided at its insertion and retracted distally, exposing the ascending branch of the lateral circumflex femoral artery and the accompanying vein. These were identified and isolated as the recipient vessels. The wound was then deepened and the hip exposed with a T-incision in the capsule. The site of nonunion was exposed and debrided after removal of the original implants through a separate, lateral incision. The femoral neck was reduced to a stable position and fixed using two or three largefragment, cannulated cancellous lag screws. A trough was then made in the anterior femoral neck, starting laterally at the base and progressing across the site of nonunion into the femoral head. Its width was determined by the diameter of the fibular graft. The osteonecrotic lesion was excised through the bone trough. A high-speed burr was used to remove the lesion as completely as possible under direct vision. Cancellous bone chips harvested from the great trochanter or artificial bone (DBM; Wright Medical, Arlington, Tennessee) were packed into the sites of nonunion and osteonecrosis. Next the hip was flexed and the fibular graft compacted into the trough in the anterior aspect of the femoral neck and held in place with an absorbable screw. A microvascular anastomosis of the peroneal vessels of the graft to the ascending branch of the lateral femoral circumflex artery was then performed using interrupted 9/0 nylon sutures under a surgical microscope. All the incisions were closed in a routine manner after irrigation. A drain was used for 48 hours.
All patients received peri-operative prophylactic antibiotics until after the drains had been removed. Postoperative thromboembolic prophylaxis comprised subcutaneous low-molecular-weight heparin for five days. Passive range of movement exercises were encouraged after removal of the drains. The patients remained non-weightbearing for six weeks, followed by a progressive increase to full weight-bearing over the following four months. All patients continue to be followed by the senior author (CQZ) with yearly functional evaluations, using HHSs and plain radiological examination. Statistical analysis. The difference between the preoperative and follow-up hip scores was analysed with paired Student's t-tests. Significance was determined at p < 0.05.
Results
The mean follow-up was four years (2 to 7). No patient was lost to follow-up.
The early post-operative course was uneventful, with no patients developing a deep-vein thrombosis, pulmonary embolus or failure of wound healing. The mean blood loss was 300 ml (150 to 400), and the mean hospital stay was seven days (4 to 12). A claw deformity of the hallux developed in two patients; they were treated with physiotherapy and recovered satisfactorily. In the two hips with nonunion of the femoral neck, healing was achieved at three and five months respectively. No patient had symptoms of donor site morbidity relating to harvesting of the fibular graft. No patients required conversion to a total hip replacement. Harris hip scores. The mean HHS improved from 60.4 (37 to 84) pre-operatively to 94.2 (87 to 100) at final follow-up (p < 0.0001). Pre-operatively, the mean HHS was 79 (73 to 84) for patients with stage II disease, 65 (51 to 72) for stage III disease, 53 (42 to 61) for stage IV disease and 37 for the patient with stage V disease. At the final follow-up the mean HHS had improved for all groups: to 98 (96 to 100) for patients with stage II disease, to 96 (87 to 99) for stage III disease, to 92 points (89 to 100) for stage IV disease and to 89 points for the patient with stage V disease (Fig. 1) . Overall, the mean HHS improved in 26 of the 28 patients, with 20 hips rated excellent, five good, one fair and one poor. Radiological assessment. Of 28 hips, 22 (79%) improved radiologically, four (14%) were unchanged and two (7%) were worse. According to the staging, all four stage II hips, eight of ten stage III hips and ten of 13 stage IV hips showed improvement. These changes included restoration of the sphericity of the collapsed femoral head (stage IV) in five hips (Fig. 2) . One of the stage III hips, two of the stage IV hips and one stage V hip appeared unchanged. One stage III and one stage IV hip appeared worse. Case 28. A 15-year-old boy sustained a transcervical fracture of the left femoral neck. The fracture was reduced and internally fixed elsewhere. Two years later he developed symptoms and was referred to our centre. His HHS at that time was 53 points. Pre-operative radiographs showed Steinberg stage IV-C osteonecrosis. Collapse of the femoral head measured 6 mm (Fig. 2a) . He underwent a free vascularised fibular graft (Fig. 2b ) and 42 months later was free of pain with an HHS of 97 points. Radiographs of the hip showed a spherical femoral head and normal joint space; there was extensive remodelling and local bone regeneration in the large necrotic region (Figs 2c and 2d) . CT scans also confirmed healing (Fig. 2e) .
Discussion
The natural history of ONFH is progressive collapse of the femoral head. 23 Therefore, once the diagnosis has been established the goal is to prevent further collapse. Owing to the low incidence of post-traumatic ONFH in this population, no reports to our knowledge have been written on its management, with non-operative care often pursued.
Although there are no reliable data on the results of nonoperative treatment in teenagers, in adults it is generally ineffective, with an approximately 80% rate of progression to collapse within two years. 24 The ideal surgical management for teenagers is that which preserves the natural hip, and options such as core decompression and joint replacement are not appropriate. Several osteotomies have been described to reduce the loading forces on the necrotic lesion, with limited success rates. 7, 25, 26 Osteotomy itself does have disadvantages, such as leg-length discrepancy, distortion of the proximal femur which might interfere with future operations, and the potential for degenerative joint disease.
Recently, free vascularised fibular grafts have increasingly been an appealing alternative for the treatment of femoral head osteonecrosis, but mainly in adults. 16 For this study we were unable to identify any papers describing the use of free vascularised fibular grafts in teenagers with posttraumatic ONFH.
The free vascularised fibular grafting which we undertook increased the mean HHS from 56 points to 94 points at a mean of four years, and this was true for all stages of osteonecrosis. Dean et al 27 reported similarly encouraging results for teenage patients in a series of 54 hips including all aetiologies of osteonecrosis. Their survival rate was 88% at a mean of 4.7 years, with eight hips (mainly postcollapse) eventually requiring THR. In contrast, none of our patients required a THR. Our experience with the use of free vascularised fibular grafting for the treatment of post-traumatic, post-collapse ONFH differs from those described in the literature, as many consider femoral head collapse to be a contraindication to femoral headpreserving procedures. [28] [29] [30] [31] Even early reports of free vascularised fibular grafting showed unacceptable results in patients with non-traumatic post-collapse osteonecrosis. 32 In our patients with stage IV disease the mean HHS improved from 53 points to 92 points at the most recent follow-up, and appears to be a better outcome than that reported in adult patients. 33 In that study, hips with Steinberg stage IV involvement (partial collapse of the femoral head before radiological evidence of degeneration) were found to have a 29% failure rate within five years and a 43% rate of conversion to THR.
Interestingly, in five hips with severely collapsed necrotic femoral heads (Steinberg stage IV) we observed a regained spherical contour after free vascularised fibular grafting as a remodelling process. The subchondral fractures of the superolateral portion of the femoral head disappeared on post-operative anteroposterior radiographs. These patients recovered completely, achieving an HHS of 100 points. The ideal restoration of the sphericity of the collapsed necrotic femoral head has not been reported in adult series. Springfield and Enneking 34 suggested that the possibility of regeneration of the femoral head still exists even in some cases with collapse and subchondral fracture. We believe our experience confirms this theory, although the exact mechanism by which free vascularised fibular grafting can restore the sphericity of the femoral head in teenagers is still unknown. We suspect that the capacity for proliferation of osteocytes and osteoblasts is better in younger patients, which might contribute to more callus formation; 35 in addition, the free vascularised fibular graft not only replaces necrotic bone with healthy bone but also establishes a new source of circulating blood, which provides osseo-inductive progenitor cells such as bone marrow mesenchymal stem cells (BMSCs) to restore a healthy subchondral plate. It has been shown that BMSCs from younger donors proliferate in greater numbers than those from older donors. 35, 36 With increasing age, the chondrogenic and osteogenic potential decreases. 36 We recognise some limitations in our study. First, we had no control group treated with alternative joint-preserving procedures. Secondly, the length of follow-up was only four years, and further follow-up is required to confirm the durability of the procedure. Thirdly, the study had only 28 patients, which limits the power of any statistical conclusions.
In conclusion, however, this study suggests that free vascularised fibular grafting is a viable procedure in teenagers with post-traumatic ONFH even when post-collapse osteonecrosis is present. Pain is relieved and the joint can be preserved, with restoration of the sphericity of the femoral head in some patients.
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